Abstract Reconstruction of the highly unstable, anteriorly decompressed cervical spine poses biomechanical challenges to current stabilization strategies, including circumferential instrumented fusion, to prevent failure. To avoid secondary posterior surgery, particularly in the elderly population, while increasing primary construct rigidity of anterior-only reconstructions, the authors introduced the concept of anterior transpedicular screw (ATPS) fixation and plating. We demonstrated its morphological feasibility, its superior biomechanical pull-out characteristics compared with vertebral body screws and the accuracy of inserting ATPS using a manual fluoroscopically assisted technique. Although accuracy was high, showing non-critical breaches in the axial and sagittal plane in 78 and 96%, further research was indicated refining technique and increasing accuracy. In light of first clinical case series, the authors analyzed the impact of using an electronic conductivity device (ECD, PediGuard) on the accuracy of ATPS insertion. As there exist only experiences in thoracolumbar surgery the versatility of the ECD was also assessed for posterior cervical pedicle screw fixation (pCPS). 30 ATPS and 30 pCPS were inserted alternately into the C3-T1 vertebra of five fresh-frozen specimen. Fluoroscopic assistance was only used for the entry point selection, pedicle tract preparation was done using the ECD. Preoperative CT scans were assessed for sclerosis at the pedicle entrance or core, and vertebrae with dense pedicles were excluded. Pre-and postoperative reconstructed CT scans were analyzed for pedicle screw positions according to a previously established grading system. Statistical analysis revealed an astonishingly high accuracy for the ATPS group with no critical screw position (0%) in axial or sagittal plane. In the pCPS group, 88.9% of screws inserted showed non-critical screw position, while 11.1% showed critical pedicle perforations. The usage of an ECD for posterior and anterior pedicle screw tract preparation with the exclusion of dense cortical pedicles was shown to be a successful and clinically sound concept with highaccuracy rates for ATPS and pCPS. In concert with fluoroscopic guidance and pedicle axis views, application of an ECD and exclusion of dense cortical pedicles might increase comfort and safety with the clinical use of pCPS. In addition, we presented a reasonable laboratory setting for the clinical introduction of an ATPS-plate system.
Introduction
A recent nationwide analysis in the US revealed that in a 3-year period the number of multilevel (C4) cervical spine surgeries averaged more than 8,500 with a significant morbidity rate related to anterior and in particular to posterior procedures [64] . Surgical rates at the cervical spine increase [20, 80] , and extensive surgery at the anterior cervical spine has created a challenge with regard to ensuring stability after reconstruction [4] . Consequently, with the advent of modern generation instrumentations, we observe a growing interest in the techniques, outcomes and also complications of multilevel cervical surgeries [4, 7, 11, 23, 43, 45, 64, 65] . Reconstruction of the multilevel or three-column destabilized cervical spine imposes significant biomechanical challenges on anterior constructs, as is reflected by a significant rate of failures and complications compared with routine cervical procedures [4, 7, 11, 36-38, 41, 54, 65] .
In light of the fact that most cervical spine pathologies, including injuries, tumors, infections, and degeneration, cause instability of the anterior portion of the column there is concern that in anterior constructs the screws are anchored in the vertebral body that mainly consists of cancellous bone with a thin cortex [53] . Biomechanical studies of rigid plates demonstrate the dependence on the posterior elements for the maintenance of stability [14, 30, 57] and the number of high quality fixation points, especially the longer the length of the constructs [38] . The high degree of failure rates in anteriorly plated more than twolevel corpectomies is a testimony to these challenges, indicating a posterior supplement to prevent failure [4, 11, 17, 25, 37, 38, 45] .
Recent clinical series and reviews stress that there are situations that require more immediately rigid techniques of anterior cervical fixation [11] , counteracting the translational and rotational forces that act on long constructs and, thus, reducing the need for posterior stabilization. Coincidently, there is an increasing long-term experience with posterior cervical pedicle screw (pCPS) techniques that offer highest anchorage characteristics and construct stability [31, 32, 60, 62, 63, 81, 82] . Consequently, the demands for increased construct rigidity with anterior reconstructions in biomechanical challenging settings and the development of pCPS fixations warranted the introduction of the anterior transpedicular screw (ATPS) plate concept in this Journal [37] . In part I of the project, we demonstrated the anatomical feasibility of ATPS insertion, its implications for a rigid screw-plate system and a set of indications. Part II analyzed pull-out strength characteristics of ATPS and were shown 2.5-fold that of vertebral body screws. Analysis of accuracy using a manual, fluoroscopically assisted technique with the use of pedicle axis views [83] showed that 78% of screws inserted showed no or non-critical screw placements in the axial plane. Although there were no critical breaches at the biomechanically most challenging levels in multi-level constructs, C6-T1 [38, 49, 65] , the first results warranted further research.
Thus, in concert with the first clinical case series by one of the authors (YY) the current study targeted at increasing the accuracy of ATPS placement in an in vitro setting. For the purpose of the study, selective instrumentation of nonsclerotic pedicles with the use of an electric conductivity device (PediGuard) was chosen.
Materials and methods
The authors acquired five fresh-frozen cervical spines C0-T2 harvested from one female and four male cadavers (mean age 65 years, range 58-69 years; Science Care, Phoenix, USA). To rule out any structural pathology and to determine morphometry of the vertebrae and pedicles intended for screw placement, the specimens were subjected to multi-slice computerized tomography scanning. The cervical spine CT scans were performed on a 16-row helical CT scanner (Somatom Volume Zoom, Siemens) using a 14-18 cm field of view with 4 9 1 mm collimation and overlapping axial slice thickness of 1 mm. Reformations in sagittal plane were obtained from 1-mm axial reconstructions and stored digitally (PACS Magic View VC 42, Siemens). Excluding the deep lateral neck muscles, capsules and ligaments the specimens were freed from all soft tissues and the spinal processes, laminae and the lateral masses C2-C7 were exposed. The specimens were further procured at the C2-C3 level and the remaining spine was used for assessment of accuracy with ATPS and pCPS.
None of the specimens had evidence of infectious, neoplastic or traumatic disease, nor congenital cervical spine deformation. However, all specimens showed advanced degenerative changes. Using the cursor, digital CT measurements (0.1 mm increments) were performed on the reconstructed CT scans with a commercially available software program (Escape Medical Viewer V3, Escape). The authors measured anatomical parameters prior to ATPS for the purpose of referencing the anatomical dimensions entailed in our specimens compared with normal [37] . The definition of parameters measured were described previously [37] . The description and the results of the measurement process are illustrated in Tables 1 and 2 . The CT images were scanned for sclerosis at the anterior or posterior pedicle entrance, center and lateral mass.
Two days prior to the screw insertion, the specimens were thawed and placed in a basin to get soaked with saline solution. Then, the specimens were subjected to manual insertion of ATPS and pCPS. As this was the first study using an electronic conductivity device (ECD = PediGuard, SpineVision, Paris, France) for cervical pedicle screws, the authors decided to insert not only ATPS, but also pCPS for the comparison of its general versatility and potential pitfalls. Standard C-arm fluoroscopy was used only for entry point determination and the ECD for intraosseous navigation. The complete process of screw insertion was performed in a radiolucent water basin with the specimen fixed by an assistant.
For the assessment of accuracy of cervical pedicle screw insertion using the ECD, we applied 3.5-mm diameter selftapping polyaxial cervical pedicle screws (Axon, Synthes, Switzerland). Diameter of ATPS and pCPS used was not matched to the individual pedicle dimension. But according to clinical practice and experiences reported by Magerl [48] , vertebrae with complete sclerotic bone formation at either the posterior or anterior pedicle entrance as well as dense cortical pedicles were noted and excluded from statistical analysis ( Fig. 1 ; n = 3: once C3 in the ATPS group and once C3 and C4 in the pCPS group).
The total of five specimens enabled placement of 30 ATPS and pCPS in a total of 30 vertebrae and 60 pedicles C3-T1, similar to the first study on ATPS [36] . The vertebrae were randomly assigned to undergo ATPS on the left side anteriorly and pCPS on the right side posteriorly and vice versa.
One C3 vertebra fractured during the harvesting procedure and, thus, was excluded from study. At all, 27 screws remained for statistical analysis in the pCPS group and 28 in the ATPS group.
Application of the PediGuard
The PediGuard has been recently introduced in the Journal by Bolger et al. [10] . Further experiences are promising [9, 10] . It is an electric conductivity device (ECD) designed as a free-hand drilling instrument such as the gear shift used for thoracic pedicle screw insertion. Briefly, navigation inside the vertebra with the ECD is based on the medium-related changes of electrical conductivity that are detected and transformed audible by the ECD. Thus, in vivo (in human or in animal studies) the ECD signals homogenous tones when persuading inside cancellous bone; the signal changes when reaching sclerotic islands, cortical bone or breaching it (Fig. 2 ). To simulate a homogenous viscous environment in our cadaver-based study, the pedicle preparations and screw insertions were performed on saline soaked vertebrae, immerged in a saline water basin (that specific laboratory protocol was validated after pretesting).
Technique of ATPS and pCPS insertion
The anatomical and technical fundamentals of inserting ATPS and pCPS have been discussed elsewhere [37, 70] , including the analysis of results with the use of a manual fluoroscopically assisted insertion technique. In the current study, all screws were inserted by the author. First, the specimens were placed in prone position and instrumented posteriorly, positioning the water basin and surgical towels as to obscure the anterior and lateral vertebral elements normally covered by deep neck muscles. At the anterior part of the cervical spine, the longitudinal muscles were bluntly removed laterally for screw insertion. For pCPS placement, a multi-planar fluoroscope was set to obtain an exact anteroposterior and lateral view of the cervical spine.
Because the authors yielded to evaluate the clinical feasibility and the effect of using the ECD in cervical pedicle screw positioning the fluoroscope was only used to verify correct entry point selection.
Concerning pCPS insertion, there are several reports addressing entry point selection at the posterior surface of the lateral mass [15, 32, 40, 82] . In general, preoperative CT scans are analyzed in detail and the imaginary intersection between the pedicle axis and the lateral mass outer surface is determined as entry point. It should be as lateral as possible in the articular mass with its lateral edge serving for reliable guidance, far lateral at C3-C5, going medially to the mid-point of the lateral mass at C7 [70] and close to the superior articular surface in sagittal plane. Under fluoroscopic control, the entry point and pilot hole were determined using the fluoroscopical pedicle axis view and true-lateral view [58, 83] . Vertebral entrance was created with the tip of a small awl just perforating the posterior lateral mass cortex. Then, the ECD was introduced. Subsequent preparation of the pedicle tract was exclusively done with the ECD (Fig. 2) . After completion of the procedure, the fluoroscope was brought back to the surgical field and used for documentation of screw positions. 3.5 mm pCPS (length *20 mm) were inserted not obscuring the track for the following ATPS placement contralaterally.
With ATPS insertion the CT-based preoperative calculations of pedicle axis projection on the anterior vertebral body surface (resembled by data of DlsIP/DrsIP in sagittal plane and DltIP/DrtIP in transverse plane, Table 1 ) eased templating of the approximated entry points and positioning the tip of the small awl. Pedicle screw tract preparation was initialized similar to the pCPS: following real-time fluoroscopic entry point determination using pedicle axis view and true-lateral view, the anterior vertebral cortex was opened using the small awl. The awl was advanced stepwise with small circular movements for 5 mm without fluoroscopic control. The ECD was then introduced and advanced to the pedicle base. According to signal changes, the cortical entrance to the pedicle was identified and the ECD was advanced through the lateral mass and beyond its cortex. 3.5 mm pedicle screws were inserted (*30 mm).
It is of note that, if there were high frequency signals emitted by the ECD, the position and depth of insertion of the ECD was documented and the ECD was redirected if the surgeon suspected a pedicle breach.
Assessment of accuracy of pCPS and ATPS inserted
Using the same CT-scanning protocol as applied preoperatively, post-procedural CT images were acquired to assess accuracy. Grading of ATPS and pCPS positions was performed as previously established both in the axial and the sagittal plane [36] . Initially five grades were defined according to deviations of the screws from the pedicle wall [36] . Recently, the grades were verified as useful thresholds, distinguishing correct screw position from non- Fig. 1 Illustrative case of a vertebra with dense cortical pedicles. Similar cases were excluded from cervical pedicle screw fixation in the current study critical and critical screw position [75] : analyzing 127 computer tomography angiographies, Tomasino et al. [75] calculated a safe zone between the lateral border of the cervical pedicles and the vertebral artery (VA) with a mean of 1.2 mm at C3 to 2.0 mm at C6. Finally, the grading defines screw positions as follows:
Grade 1 Screw centered in the pedicle, at most causing only minor plastic deformation of the pedicle cortex. Grade 2 Screw threads less than one-third of the screw cross-section (B1.2 mm with a 3.5-mm diameter screw) penetrating the cortex. Grade 3 Between one-third and one-half of the screw cross-section penetrating the cortex (or deviation \2 mm). Grade 4 More than one-half of the screw cross-section penetrating the cortex (or deviation C2 mm). Grade 5 Deviation equal to or more than the screw diameter.
Non-critical pedicle breaches were determined as such with grades 1 and 2. Critical pedicle breaches with the potential for posing a risk to the vertebral artery (VA), nerve root or dural sac were determined as those of grades 3-5. Concerning the elaborated safe zone [75] around the cervical pedicles, clinicians would judge grade 3 pedicle screw positions 'indeterminate' or 'borderline' not causing injury to the VA or nerve root, but rather pushing it away [50, 75] . However, to compare the results to our previous study, we calculated grade 3 positions within critical breaches also in the current study. With the scoring system [36] assessment of pedicle screw position could be performed both in the axial and sagittal plane. Each one point was assigned to each of the five grades of screw position. Finally, the accuracy score in axial plane (range 1-5 points) and the accuracy score in sagittal plane (range 1-5 points) was summed and described as the accuracy sum score with its maximum being 10 points and the minimum being 2, delineating most accurate screw placement. . If there is, e.g., to much a medial inclination the tip of the ECD will face cortical bone. Thus, while progressing the ECD towards the cortical wall, the ECD will emit signals with decreased frequency and sounds signaling that the ECD is at a cortex (position 2). Accordingly, as illustrated, the ECD is only 14 mm inside the vertebra and therefore the surgeon has to redirect the ECD (positions 2-3). After redirection the ECD will protrude again in cancellous bone and the ECD will emit homogenous signals indicating correct pedicle protrusion. Left pedicle Example of perforation of the transverse foramen. As on the right side, the ECD is driven into the lateral mass cancellous bone (position 1). If surgeon does not address the steep medial inclination of the anatomical pedicle axis, but rather goes straightforward he will breach the transverse foramen with the ECD (position 2). However, if this is done slowly, surgeon will face sharp signal changes emitted by the ECD with high pitching and highly frequenced signals indicating redirection of the ECD or abortion of pCPS fixation and change to lateral mass placement for that vertebra. The same principle is with ATPS insertion. The main difference is the larger corridor towards the pedicle and working area Statistical analysis Pearson's Chi-square test and Fisher's exact test was used to analyze cross-tabulation tables (e.g., cervical level vs. OPW). Correlation analyses were done using Pearson's and Spearman's correlation coefficient (e.g., correlation of critical breach vs. OPW). An ANOVA with post hoc tests was used to analyze data. A P value \5% was considered as statistically significant. All computations and illustrations were done with Statistica 6.1 (StatSoft, Tulsa, USA). All statistical analyses were done by one of the authors (WH). Due to sample size, we did not analyze the specificity of the ECD in the cervical spine as done for the thoracolumbar spine [10] ; but descriptive analyses were shown valuable.
Results

Morphological characteristics of specimen
Means, standard deviations and ranges of anatomical parameters measured in the harvested spines were within the upper percentiles of the physiological range [37, 70] . For correlative analysis of, e.g., OPW and axial accuracy, each corresponding pedicle size and pedicle screw inserted was matched. Accordingly, mean outer pedicle width (OPW) and outer pedicle height (OPH) in the pCPS group was 6.9 and 7.6 mm. In the ATPS group, OPW and OPH were 6.9 and 7.7 mm on average. Concerning the morphometrical measurements, OPW and OPH in both groups were not significantly different (P = 0.84 and P = 0.96).
Concerning all vertebrae, both the OPW and the OPH significantly increased from cephalad C3 to caudad T1 (P = 0.0001). Likewise, in the pCPS group, OPW and OPH significantly increased from cephalad C3 to caudad T1 (P \ 0.0002, P \ 0.000005, respectively). In the ATPS group, OPW and OPH significantly increased from cephalad C3 to caudad T1 too (P \ 0.00000, P \ 0.00002, respectively).
Accuracy
Concerning ATPS placement, the analysis of CT measurements revealed an accuracy score for the axial plane of 1.2 points (range 1-2) and 1.1 (range 1-2) in the sagittal plane. The accuracy sum score showed a mean of 2.3 points (range 2-4) with a possible total of 10 points. The detailed distribution is listed in Table 3 . Astonishingly, the percentage of non-critical screw positions was 100% in the ATPS group using an ECD. There was no critical breach. In the ATPS group, increasing accuracy in the axial plane was reflected by an increased accuracy in sagittal plane (P = 0.02). OPW and OPH showed no significant impact on accuracy in axial or sagittal plane which has to be interpreted in perspective of only grades 1 and 2 screw positions.
Concerning pCPS placement, mean accuracy in axial plane was scored as 1.4 points (range 1-4) and 1.2 (range 1-4) in sagittal plane. The accuracy sum score showed a mean of 2.6 points (range 2-4) with a possible total of 10 points. The percentage of non-critical breaches in axial plane was 88.9%. Critical breaches occurred in 11.1%. In the sagittal plane, non-critical breaches were detected in 96.3% and critical in 3.7%. The detailed distributions are listed in Table 4 . Critical perforations occurred twice at C5 and once at C6 in vertebrae with small pedicle anatomy in terms of pedicle square diameter. In the pCPS group, the level of screw placement showed significant impact on accuracy in axial plane (P = 0.004) with higher accuracy at the lower cervical levels. Whereas we did not find a correlation between accuracy in axial plane, accuracy in sagittal plane was correlative with increased OPH (P = 0.02). Examples of screw placement on postoperative CT scans are illustrated in Fig. 5 .
In both the groups, the order of screw placement had no impact on accuracy. There was no statistical significant difference in the accuracy rates of ATPS and pCPS in both planes, probably due to the limited sample size. Comparing morphometric and accuracy parameters of the ATPS and the pCPS group, there were also no significant differences in both concerning accuracy scores (P = 0.3/P = 0.6), incidence of non-critical and critical screw placements in axial and sagittal plane (P = 0.1/P = 0.1, P = 0.3/ P = 0.3) and the accuracy sum score (P = 0.6/P = 0.6).
We also calculated the results for all cervical pedicle screws placed (ATPS and pCPS). Statistical analysis did not show statistical correlations between accuracy rate and the cervical level. The order of screw placement had no effect on accuracy; the learning curve with ATPS had been climbed previously [36] . Notably, increasing accuracy in the axial plane was reflected by an also significantly increased accuracy in the sagittal plane confirming the trend we observed if the ATPS and pCPS groups were analyzed separately: the larger the pedicle, the easier the screw placement was. However, increasing OPW did not correlate with the accuracy in the axial plane, whereas OPH and accuracy in the sagittal plane did so (P = 0.02). Finally, concerning all screws, the total score as well as the descriptive classification of 'non-critical' and 'critical breaches' showed no relation to morphometric measurements of OPW, OPH or their product ([OPH 9 OPW]).
Study report
This study was the authors first time using the ECD. Although the specific saline bathing environment rendered the study conditions difficult, it is of note that after adaptation to the transmitted signal, the navigation inside the cervical vertebrae using the ECD was comfortable. In 28 of 54 pedicle screw placements analyzed, changes of ECD signals indicated redirection needs of the ECD during pedicle tract preparation. In this context, differences between the usage of the ECD in ATPS and pCPS have to be noted. Owing to the smaller arch of possible entry points at the lateral mass and the subsequently smaller safe corridor for pCPS insertion (Figs. 3 and 4) , as well as frequently seen small islands of sclerosis inside the lateral mass and at the posterior pedicle entrance, the posterior route to the cervical pedicle was not as convenient and straightforward as was the anterior one. But compared with navigation using anatomical landmarks in combination with fluoroscopy only, the pedicle screw placement was significantly supplemented and eased by the use of the ECD, while providing high-accuracy rates.
Anterior transpedicular screw placement with additional use of the ECD was straightforward. In comparison with the pCPS insertion, there is a wide cancellous working area inside the vertebral body that slightly narrows towards the anterior cortically surrounded pedicle base. Hence, the navigation is easier from anterior as slight changes in signaling along the slowly narrowing pathway towards the pedicle base can be addressed easily by redirecting the protruding ECD. In comparison, from posterior navigation, inside the smaller lateral mass with less cancellous area is more difficult and redirection of the ECD due to signal changes have to be performed in a smaller field. In addition, from anterior, the protruding trajectory of the tip of the ECD directs laterally away from the spinal cord.
Discussion
Reconstruction of most cervical spine pathologies does not require pedicle screw constructs. But, of the techniques Critical pedicle breaches shadowed gray available, transpedicular anchorage provides most stability, making it attractive in biomechanically challenging deformities [3, 47, 82] ; in selected patients with clear indication and in the hand of experienced surgeons pCPS fixation is a sound treatment [13, 24, 35, 82] . Pedicle perforations with pCPS fixation cause major concerns due to the potential risk of neurovascular injury. The recently reviewed low incidence of serious complications [37, 56] does not suggest that the technique is purely benign. Strong efforts are indicated to increase the accuracy: In 2008, Choi et al. [15] reported a 100% accuracy with the direct visualization of the pedicle entrance in 52 patients with 371 pCPS placed. Ito et al. [32] reported no critical breach beyond 2 mm in 176 pCPS.
One of the authors [82] reported the results of 620 pCPS placed in 144 patients using the pedicle axis view technique. The definition of serious pedicle perforations equaled our grades 4-5 [36] . 9 .2% of screws placed demonstrated screw exposure (grades 2-3) and only 3.9% showed breaches of grades 4-5. There was one vertebral artery injury (VAI) and radiculopathy without causing long-term sequelae. Hacker et al. [22] demonstrated the contralateral lamina to be a reliable guide in pCPS placement paralleling the contralateral pedicle by direction, with the strong correlation for C3-C5. In addition to a sufficient lateral muscle dissection allowing for correct screw tract orientation in the axial plane at C3-C7 (50°), entry point selection is crucial [6, 70] . Su et al. [70] found that the distances from the projection point of the pedicles on the lateral masses to the horizontal line drawn through the most inferior point of the superior facet did not change significantly from C3 to C7 (2.5-3.5 mm). The distance from the projection point to the vertical line through the most lateral margin of the lateral mass, however, consistently increased from cephalad to caudad (3.5-6.1 mm). Finally, Namikawa's study [48] stressed that not only the pedicle diameter but also the presence of a cancellous pedicle core is one of the keys to avoid pCPS misplacement. In 560 pedicles (C3-C6), dense and sclerotic ones were identified in up to 15-30%. Dense pedicles were supposed to contraindicate CPS [48] . These most recent studies emphasize that proper pCPS placement is very much dependent on the experience and a detailed understanding of anatomy. Our current results with pCPS using the ECD and excluding dense pedicles showed high accuracy in axial and sagittal plane (88.9 and 96.3%) even though fluoroscopy was not used during the screw tract preparation. Consequently, using fluoroscopical assistance and an ECD, we might increase our accuracy in pCPS placement.
In contrast to the experience with pCPS, the ATPS concept cannot refer to large clinical series. Therefore, we first analyzed the morphometric fundamentals of ATPS [37] . The second step included the biomechanical assessment of ATPS compared with vertebral body screws and the accuracy of insertion of ATPS using a fluoroscopically assisted manual insertion technique [36] . Even during its first usage, we achieved high accuracy in both planes, but the accuracy was supposed to get better with technical refinements proposed in the current study: we chose an ECD instead of computer navigation for practical reasons [55, 77] , largely because the usage of the ECD does not alter the common straightforward preparation technique as when using an awl or a gear shift. Application of the ECD in prior series [10] was shown to be a valuable adjunct particularly for narrow pedicles in pediatric scoliosis [9] . With the ATPS insertion, we analyzed the site of entry into the vertebral body on preoperative CT scans and controlled the selected entry point using fluoroscopy. We did not use fluoroscopically guided screw tract preparation and insertion, although recent studies showed that using the coaxial pedicle axis view the pedicle margins are outlined [13, 70] which we confirmed also for ATPS insertions [36] . In the current study fluoroscopy was not used to elucidate the effect of the ECD on accuracy rates. We yielded an astonishingly high-accuracy rate in both planes for both techniques, that of ATPS being even higher than that of pCPS, but we did not find the accuracy being related to OPW. In our previous study [36] , there was a strong negative correlation between accuracy in the axial plane and OPW (P \ 0.0001), accuracy in the axial plane and the product of OPH 9 OPW (P = 0.03) as well as the accuracy sum score and OPW (P = 0.001, r = -0.64) indicating that the OPW had a significant impact on the accuracy in axial plane. These discrepancies might reflect the impact of excluding vertebra with 'sclerotic dense pedicles'. The concept of excluding dense pedicles for screw insertion seems to be a sound principle within a surgical concept. The success is reflected by our highaccuracy rates. In context with yielding for higher accuracy, significant differences between ATPS and pCPS placement have to be stressed. Our study intended to test the ECD in anterior and posterior pedicle screw insertion, thus, we could confirm the recent considerations [6, 70] that might explain higher accuracy with ATPS compared with pCPS: comparing screw insertion points the safe corridor for insertion of ATPS is larger than that of pCPS including a larger range of error margin as illustrated in Figs. 3, 4 .
Although the accuracy rate in the current study was high for ATPS there is potential for further refinement of the technique. For pCPS insertion of C2 Ebraheim [19] demonstrated that direct palpation of the Isthmus is a safer guide for screw insertion than generic trajectory guidelines, being confirmed by large clinical series [21, 60] . In the current study direct pedicle palpation for ATPS insertion through a decompression site was not possible because of the study protocol. But, as Choi [15] demonstrated in pCPS placements, and we test in cadavers also by the authors using ATPS, it might further increase three-dimensional imagination of the screw trajectory and accuracy also in ATPS. In concert with laboratory training, preoperative CT angiography (CTA), CT-based assessment of the pedicle anatomy, exclusion of complete sclerotic pedicles for screw anchorage, and use of a manual fluoroscopically assisted insertion technique [82, 83] with supplement of an ECD, safety with ATPS and pCPS fixation can be further increased. Applications of the ECD, as well as other instrumentation techniques, are not recommended in complete sclerotic pedicles as shown by a preoperative CT scan. One ATPS placed in C3 with massive sclerosis at the pedicle base had a grade 4 placement in both planes. The sclerosis was identified on the preoperative CT scans and noted. According to the study protocol the vertebra was instrumented but not included into statistical analysis. It is of interest that the ECD hinted at the pedicle breach by high-signal frequency in that distinct case which was shown a positive prediction for screw misplacement (Fig. 2) .
It is important to stress that the concept of a clinically feasible ATPS-plate system incorporates highest precautions for patient safety with respect to a rational risk-benefit analysis. Thus, it emphasizes unilateral transpedicular anchorage of ATPS C3-C6 along common vertebral body screws [37] , joining considerations recently presented by Suda et al. [71] . In this concept, a CTA prior to pedicle screw placement is performed intending to detect the dominant VA or a hypoplastic VA. According to the CTA, pedicle screw placement is performed at the side of a non-dominant or hypoplastic VA while lateral mass screws are used on the contralateral sides. Preoperative CTA are crucial [28, 52] for the detection of anomalies and definition of the entrance of the VA into its V 2 segment mostly at C6, in 5% at C4-C7 [28, 75] . A recent review of literature [52] identified a reported rate of VAI in anterior cervical spine surgery of 0.2-0.5% compared with 1.3% in posterior surgery using transarticular screws of C1-C2 [50] . In Abumi's series of 669 pCPS and in Yukawa's series of 620 pCPS there was only one VAI reported without further sequelae. Even though breaches of the transverse foramen occurred both with pCPS as well as lateral mass screws (up to 8% [76] ), the VA is frequently pushed away by the screw traversing the transverse foramen due to the existence of a safe zone [33, 50, 75] . Likewise, new onset nerve root lesions were documented in single cases after pCPS placements [1, 3, 24, 36, 82, 83] . Series on lateral mass screws in 100 patients [18] and in 78 patients [26] reported new radiculopathy symptoms in 4 and 8% of patients, respectively. Luckily many VAI and breaches of the neuroforamen go silent and undetected [2, 24, 35, 50, 52, 73, 80, 81] owing to the existence of a safety zone concerning the cervical pedicle-to-vertebral artery distance as well as larger pedicle heights than pedicle widths. But, VAI occur causing significant sequelae [24, 52] and recently Hasegawa et al. [24] reported in a series of 58 patients undergoing pCPS insertion on two VAI and two other screw-related complications, one causing an upper extremity palsy. Patients (17%) experienced complications related to the pCPS procedure. The authors emphasized the proper selection of indications for pCPS. In this context, a recent series [55] reporting on 27 patients undergoing pCPS fixation deserves comment. There were no neurovascular complications reported and accuracy after 116 pCPS placed 'satisfactory' at C2-C7 was reported to be 90% (including grades 1-3 according to our classification). Although computer navigation was used, 'exact' pCPS placement was seen in only 55% and 'sufficient' pCPS placement was seen in 34%. Critical encroachment by 40-60% of the transverse foramen was noted in 4.3% and the rate of screws at risk was calculated by 15% at C3-C4 and 7% at C5-C7. Postoperative CT scans revealed screw angulations in the axial plane of 22°at C3, 24°-25°at C4-C6 and 17°at C7. The marked difference between the insertion angle and the anatomical pedicle axis were suggested to be caused by limited distraction ability of the neck muscles laterally. Concerning the risk of VAI and nerve root damage, there exist advantages of ATPS. Neck muscles do not hinder large angulations off the sagittal plane and the direction of the pedicle preparation is lateral, off the spinal canal.
The definition of indications for ATPS is crucial for a clinically useful concept. We already stressed clinical scenarios where an ATPS-plate system would be beneficial [36, 37] . There is a current progress with first reports on clinical application of ATPS: Aramoni [6] affixed fibular grafts to cervical pedicles in 9 patients following corpectomies at one to three levels. ATPS were placed with the visualization of the pedicles following corpectomy and kwire insertions using an in-outside-in fashion as template for subsequent cannulated screws affixing a fibular graft to the pedicles. The screw-fibula constructs were non-constrained, but no displacement of the grafts or neurovascular complications occurred. CT assessment showed that only one screw (4.5%) breached a lateral pedicle wall [6] . A second series on clinical application of ATPS by Y.Yukawa using a non-constrained single screw-plate construct for unstable subaxial injuries is currently in the Journal. Therefore, formulations of indications for ATPS are warranted: literature serves evidence that anteriorly instrumented greater than two-level corpectomy reconstructions should be augmented by posterior instrumentation [4, 11, 17, 23, 25, 37, 38, 45] . Likewise, with the concept of circumferential fusion for greater than two-level corpectomy, deformity needing correction including pseudoarthrosis from prior fusion, and in cases with severe poor bone quality one of the authors [4] reported a 100% success rate in 53 patients with a mean of four levels fused anteriorly (6 posteriorly).
If posterior column insufficiency adjoins the multilevel anteriorly decompressed cervical spine, two-level and even one-level corpectomies warrant circumferential instrumentation or a posterior-only transpedicular construct. Accordingly, indications for ATPS include multilevel neoplastic instability with affection of both the anterior and posterior columns as well as extensive tumor mass resections challenging current instrumentations [38, 44, 46] , cervical trauma in patients with ankylosing spondylitis or DISH [46, 66, 79] , one-to two-level corpectomy in the setting of fragile edematic/rheumatoid/osteopenic and osteoporotic bone [4, 14, 46] , long fusions (C4 discs) crossing the cervicothoracic junction [4, 7, 51, 65, 67] , advanced fracture and discoligamentous cervical instabilities including three-column failure [29, 38, 39] , reconstructions in cervical osteomyelitis [59] and revision surgery for cervical non-union following long fusions [12, 65] . Recently, Chen et al. [14] showed that the significant subsidence of mesh cages in two-level corpectomy cause neurologic deterioration from initial recovery after the index surgery in a meaningful number of patients. The anterior approach provides the ability for significant deformity correction through a superior surgical leverage, and technical refinements with rigid instrumentation allow complex anterior reconstructive surgery [45, 51, 61, 68, 69, 78] . Accordingly, correction of cervical kyphosis secondary to degenerative disease, trauma, tumor, surgery, laminectomies or due to systemic arthritis and spondylarthropathies demand increased construct rigidity and transpedicular anchorage techniques [3-5, 45, 51, 68, 69, 74, 78] . Biomechanical studies and clinical series illustrated that increased construct stability by transpedicular anchorage or circumferential stabilization is valuable in many longsegment revision surgeries [4, 29, 38, 45, 55] .
Following the implant removals, the anterior spinal segments frequently encounters compromised bone stock often indicating sacrifice of the previously instrumented vertebra. ATPS anchorage would be a valuable option in these cases, particularly in anterior revision at C7 and T1.
Finally, avoiding a posterior approach that is deemed to only augment an anteriorly reconstructed decompression would be valuable, because the addition of an extended posterior approach can cause significant medical and approach-related morbidity [6, 23, 38, 42, 45, 51, 64, 68] . Avoiding morbidity of a second surgery deserves special consideration in the elderly. The number of elderly patients treated for even complex cervical disorders increases carrying a larger number of medical comorbidities and complications [16] .
Like Brazenor [11] , we stress that there are reasons for attempting to invent an immediately rigid technique of anterior fixation in the cervical spine for selected cases. The concept of an ATPS screw-plate system is not suited to replace common anterior screw-plate systems. It rather resembles an extension of the surgical armamentarium for challenging cervical spine instabilities that are not satisfactorily addressed by current anterior-only strategies. In long instrumented cervical fusions, terminal construct anchors, like pedicle screws, work much like anchors on a suspension bridge, providing robust points of stability to secure the long segmental load of the bridge span [51] . An ATPS-plate system will offer these characteristics.
Limitations
Similar to other studies working on human cadavers, the main limitation of the current study was related to the relatively small number of specimens. The percentage of vertebrae discarded prior to testing varies [8, 27, 72] . In the current study, five pedicles had to be excluded due to the damage during harvesting (n = 2) or revealing a dense cortical pedicle (n = 3). The statistical shortcomings of small sample size and its reasons have been discussed previously [34] and larger laboratory and clinical series are indicated to refine accuracy rates using ATPS. Nonetheless, the current study provides information on technical refinements of ATPS with the use of an ECD as well as on laboratory experience using the ECD for pCPS.
Conclusion
The current study showed that the use of an ECD can be a valuable adjunct in cervical pedicle screw fixation, for both pCPS and ATPS. In this second trial on ATPS refining its insertion technique, the accuracy rate was high, particularly at the biomechanically challenged levels of long cervical fusions, C6-T1. We demonstrated that manual insertion of ATPS supported by an ECD equaled the favorable results obtained with a manual fluoroscopically assisted techniques in our previous laboratory setting. Further studies on ATPS will address whether the combination of both techniques and their net effect will serve for highest accuracy in clinical application of anterior and posterior cervical pedicle screws fixation.
